Optical wireless communication has been the subject of much research in recent years because of the increasing interest in laser satellite-ground links and urban optical wireless communication. The major sources of performance degradation have been identified as the spatial, angular, and temporal spread of the propagating beam when the propagation channel is multiscattering, resulting in reduced power reception and intersignal interference, as well as turbulence-induced scintillations and noise due to receiver circuitry and background illumination. However, coherence effects due to multipath interference caused by a scattering propagation channel do not appear to have been treated in detail in the scientific literature. We attempt a theoretical analysis of coherence interference in optical wireless communication through scattering channels and try to quantify the resultant performance degradation for different media. We conclude that coherence interference is discernible in optical wireless communication through scattering channels and is highly dependent on the microscopic nature of the propagation medium.
Introduction
Optical wireless communication, or free-space optics, is gaining popularity in terrestrial applications as well as in intersatellite and satellite-ground links. When the atmosphere forms part of the propagation channel, multiscattering phenomena are recognized as being the major source of communication performance degradation, leading to link failure and system downtime. Much research has been published investigating multiscattering effects using radiative transfer theory [1] [2] [3] and Monte Carlo (MC) simulations tracing photon paths. 4 -6 In the radiative transfer theory approach the focus is on energy balance, whereas the MC method is based on particle scattering analysis. Both techniques yield accurate descriptions of the macroscopic behavior of light propagation through multiscattering media, but phenomena due to the mixing of incoherent waves at the receiver are overlooked. 7 In this work we attempt to model the signal degradation due to the mixing of scattered waves with the unscattered wave and quantify it in the context of optical wireless communication system performance degradation.
In contrast, the mixing of light reaching a receiver from a single source by multiple paths has been widely researched in the field of optical fiber communication. Here, cross-talk interference in the increasingly popular wavelength division multiplexed systems has highlighted the problematic interaction of light with delayed replicas of itself. 8 -10 Furthermore, the quest for all-optical networks has also exposed the performance restrictions imposed by homodyne signal mixing at transparent optical nodes. 11 Preliminary work has been published examining single scattering in a fog of different optical densities (ODs) and for transmissions at different wavelengths. 12 In this work we pursue the subject further using two well-accepted fog models for the propagating channel medium and including double-scattered waves. The fog models used, based on empirical data from real-life fogs, are described in Ref. 5 . The resultant performance degradation is compared for the two different fogs.
In Ref. 12 scatter-induced coherence interference has been evaluated and compared for radiation at wavelengths of 670, 850, and 1550 nm, but in this work we study these phenomena only at 670 nm. Although this is not one of the commercially popular wavelengths for optical wireless communication, it is the wavelength we have used extensively for laboratory experimental work, and considerable theoretical studies have been performed alongside yielding much data that are useful for validation of results.
The remainder of this paper is organized as follows. In Section 2 we briefly review light coherence theory. In Section 3 we discuss the scattering properties of different propagation media. In Section 4 we state the issue we are attempting to explore. In Section 5 we present our mathematical model, and in Section 6 we provide our numerical simulations and discuss the results. In Section 7 we draw our conclusions.
Coherence in Light Fields

A. Coherent Light Sources
A coherent light source produces radiation with a continuous succession of waves propagating in phase. This results in a distinct wavefront, which is most tangibly discernible when the radiation from two or more coherent sources mixes causing constructive and destructive interference. In reality no light source is perfectly coherent, and the degree of coherence can be expressed in terms of the coherence length or the coherence time of the source. The coherence length of a light source can be defined loosely as the propagation distance from the source wherein phase correlation exists. The coherence time t c is related to the coherence length l c by the simple relation l c ϭ ct c , where c is the speed of light in the medium. In the case of a laser light source, the coherence time can be related to the laser linewidth LW by t c ϭ ͑LW͒
Ϫ1
, implying the time from emission that two waves from the same laser source of similar but different wavelengths are no longer phase correlated. 13 An alternative description given by Yariv 14 considers the coherence time to be the average time span between random shifts in phase of the field. The random-phase fluctuations, and likewise the randomfield amplitude fluctuations, are attributed to the spontaneous emission of photons in the laser cavity and are the cause of laser phase and intensity noises. 15 In practice, the loss of perfect coherence is a gradual process over time and͞or space. 16 The coherence properties of a light source can be evaluated by finding the maximum optical path for which interference phenomena can be detected.
The mathematical tool commonly used to express coherence properties of a light field is the correlation function in time or space or both. In its most general form, the mutual coherence function, which describes the coherence properties between the complex field amplitudes at two different locations and times, is given by
where U i ͑r i , t͒ is the complex field amplitude at point r i and time t and * indicates the complex conjugate. If we consider a light source with coherence length l c , then for |r 1 Ϫr 2 | Ͼ Ͼ l c , the mutual coherence will be negligible, or
Similarly, for a source characterized by coherence time t c , lim c →ϱ
Following this brief review of coherence in light sources we will now consider the concept of coherence in a scattering environment.
B. Coherence and Scattering
Aside from the coherence properties of the light source, the propagation medium significantly influences the coherence properties of the propagating wave. In the arena of optical wireless communication, if the propagation channel is a scattering medium such as a fog or a haze, then the light arriving at the receiver will no longer display the coherence properties that would have been evident had the channel been free space. The light reaching the receiver will comprise a superposition of scattered and unscattered waves of the same frequency. The scattered waves will arrive with different phases relative to the unscattered light due to the different optical paths they have traversed and will have amplitudes determined by the scattering cross section of the scattering particles. The light in the unscattered wave reaching the receiver will have been attenuated due to the extinction cross section of the particles in the medium. Hence the intensity of the received light will be both reduced and augmented by the presence of a scattering propagation channel. The resemblance of the unscattered wave to the initial wave in phase is dependent upon the coherence length of the light source.
The scattering of waves by a random distribution of isotropic particles has been treated by many researchers. 17, 18 Coherent and incoherent scattering are distinguished, but not in the sense of the existence or absence of a definable phase relationship between waves prior to and following a scatter, but where the incoherent scattering is identified as the difference between the average of the square of the wave function at any point in the field and the square of the average of the wave function at that point, which is the coherent scatter. The wave function atr 1 can be written as
where ͗U͑r 1 ͒͘ is the time-averaged (coherent) field with coherent intensity |͗U͑r 1 ͒͘| 2 and U f ͑r 1 ͒ is the fluctuating (incoherent) field with incoherent inten-
The total time-averaged intensity is the sum of the coherent and incoherent intensities and is given by
A normalized measure of the scatter-induced incoherent intensity is given by
The similarity of the above definition to the familiar scintillation index used to describe turbulenceinduced signal fading 19 has led us to use the term scatter-induced scintillation index for this metric of coherence interference in optical wireless communication through multiscattering channels.
Scattering Properties of Different Media
The precise scattering mechanism of light propagating in a medium is dependent on the ratio of the particle radius and the radiation wavelength. When the scattering particles are of the order of magnitude of the radiation wavelength, as is the case for optical wireless communication through fogs and hazes at visible and near-infrared wavelengths, Mie scattering is operative and will be discussed below. Since it is the ratio of the particle radius and the wavelength that determines the scatter regime, a specific wavelength will be transmitted differently as the fog profile changes. In our work we have used two widely accepted fog models based on extensive measured data 20 -22 in an attempt to explore the phenomenon of coherence interference in optical wireless communication through different multiscattering channels and to evaluate the influence of the fog type on the resultant signal degradation. The two fogs, described henceforth as heavy and moderate, are distinguished both by the average free path between particles and by the particle size distribution. These two parameters determine the OD of the medium for a given propagation distance. For comparison of the communication properties of the two media, we will relate to the ODs of the transmission paths and not to the actual transmission range. For example, an OD of 5 would be obtained when the transmission range is 150 m for the heavy fog, while a 500 m range would yield the same OD when the propagation channel is a moderate fog. Since the OD determines the operability of a communication link, the maximum transmission range is limited by the nature of the fog.
The amplitude of an unscattered wave decreases exponentially as it progresses through the propagation channel at a rate determined by the extinction coefficient of the medium, due to both absorption and scattering. In this work we do not expressly consider the absorption contribution to signal attenuation, which is low at the wavelength investigated ͑670 nm͒. The OD is the product of the extinction coefficient and the transmission range. Hence, for a given OD value, the unscattered wave will be of the same amplitude regardless of the nature of the fog, and despite the difference in actual transmission range.
In contrast, the relative amplitude of the scattered wave by comparison with the wave incident on the particle is determined by the scattering particle's size, shape, and material properties (refractive index) and is summed up in the scattering cross section. The actual amplitude of the scattered wave is hence also dependent on the position of the scattering particle and will be larger the greater the proximity of the particle to the transmitter when the unscattered wave has not yet been severely attenuated. However, the scattered wave is attenuated in the same way as the unscattered wave as it progresses through the propagation channel, so that, as a first approximation, we will assume that the amplitude of a single-scattered wave at the receiver is not dependent on the location of the scattering particle. This is reasonable in view of the fact that the received light arrives within a narrow angular range determined by the receiver field of view (FOV), so that the increase in the optical paths traversed by the scattered light will not be large relative to the direct line-of-sight (LOS) optical path. In addition, we will assume an average size and a spherical shape for the scattering particles for the computation of the scattered wave amplitude. Accordingly, the relative amplitude of the scattered wave will be the same for each scatter event and, following the above reasoning, the amplitude of each single-scattered wave at the receiver will likewise be identical.
The amplitudes of multiscattered waves reaching the receiver will be small compared with singlescattered waves, but in an optically dense medium many multiscattered waves may reach the receiver at any moment and their aggregate effect would not be negligible.
The interaction of a propagating wave with a scattering particle of the same order of magnitude is well described by Mie theory and widely documented in optics texts. 13, 23 The deflection angle of the scattered wave is described by the normalized Mie phase function, which is the probability distribution of the scatter angle. In Fig. 1 we show the probability distribution functions of the scatter angle for moderate and heavy fogs at a radiation wavelength of 670 nm derived using Mie theory. 5 It is clear that the deflection angle is predominantly very low for the heavy fog indicating extremely strong forward scattering by comparison with the moderate fog.
Definition of Coherence Interference
We envisage an optical wireless communication link, where the propagation channel is scattering in nature, such as a fog or a haze, and the transmission range is less than the laser coherence length. At the receiver, unscattered modulated light from the transmitter mixes with the scattered fields reaching the receiver after single or multiple scattering. The unscattered light arriving at the receiver is described by E cos t, where E is the field amplitude and is the laser central wavelength; the sum of the N scattered fields is described by ͚iϭ1 N i cos͑t ϩ i ͒, where i is the amplitude of the ith received scattered field and i is its phase delay relative to the unscattered field, accrued as a result of the increased optical path traversed. Clearly, the unscattered and scattered fields are at the same central frequency, since only linear scattering is considered. We assume that the receiver FOV is sufficiently narrow that the angle of arrival of the scattered fields' wavefronts is very close to the LOS direction of arrival of the unscattered light, and the total received field is given by the sum of the two terms:
The time-averaged optic power is given by 14 P ϭ 1
Substituting from Eq. (5), we rewrite Eq. (6) as
where the complex degree of coherence is assumed to be unity. The first two terms on the right-hand side of Eq. (7) are the time-averaged intensities of the unscattered and scattered waves alone. These are identical to the optical powers found when we examine the propagation of light through scattering media in the geometrical-optics limit, where the rays are regarded as trajectories of particles. 4 -6 The second two terms represent wave phenomena of signal mixing and are not evident in the analytical approach using the particle model for light. The first of the mixing terms represents the mixing of the unscattered field with the scattered fields and the second term signifies the intermixing of the scattered fields with one another. The fog is not static, so that the i will differ from one moment to the next. Hence, from Eq. (7) we can conclude that, while the latter two contributions to the total received power may average to zero over time, depending upon the probability distributions of i and i , they would be expected to exhibit a scintillation-type time-varying intensity fading effect. We have dubbed these two terms coherence interference in optical wireless communication through multiscattering channels, or mixing terms, and it is our aspiration to attempt to evaluate and quantify their contribution to signal degradation for different propagation channels. In comparing Eq. (7) with Eq. (3) we can identify
͘ with P, and see that in the absence of scattering these intensities would amount to E 
Mathematical Model
Our goal is to quantify the coherence interference encountered in optical wireless communication through scattering channels. The intensity variations are analogous to the fourth moment of the field reaching an idealized point detector receiver. 24 In optical wireless communication the light source is a laser beam, which will be modeled as monochromatic with uniform power density over its nominal cross-sectional area. The laser light is described as a plane wave with a complex field amplitude given by U T . At the receiver, the detector computes the timeaveraged intensity, or second moment, of the total received light U tot over a single bit period given by
Because of scattering, the total light reaching the detector is the sum of the unscattered light and the scattered light from N fields, described by
The derivation of the distribution of i using the scattering medium's impulse response is described in Ref.
12 for a single-scattering medium, where the scattered wave amplitudes were assumed to be equal. The method used was to obtain a discrete distribution function for the scattered photons' optical paths, D, using the MC technique, described in Ref. 5 . The phase lag distribution was derived with a resolution of 0.05 rad from the optical path distribution using the relation i ϭ 2͑D Ϫ m͒͞, where m is the largest integer yielding a nonnegative term in the brackets. The MC simulation can also yield the proportion of scattered received light arriving after one, two, or more scatters. In this work we consider the scattered light due to single and double scatter. Thus we can write
where N s and N d are the number of single-and double-scattered waves reaching the detector at time t and i , j and i , j are their respective amplitudes and phase lags relative to the unscattered wave. We will assume that all single-scattered waves have the same amplitude s , which is the average value for all the single-scattered waves as described in Section 3. Likewise all double-scattered waves are assumed to have amplitudes of d . Substituting Eq. (11) into Eq. (7), we observe that the first mixing term, representing the mixing of the unscattered field with the scattered fields, would simply become two summations, each being the product of the unscattered wave amplitude and one of the two scatter summations. The contribution to the total received power of the intermixing of the scattered fields with one another was found to be marginal by comparison and will not be included. The probability distribution functions of the phase lags of the single-and double-scattered waves are f s ͑ i ͒ and f d ͑ j ͒. Consideration of all possible permutations of phase angles for both the single-and the double-scattered waves generates the probability function of the phase lag of the scattered waves relative to the unscattered wave. Hence, the total received intensity, as a function of the phase lag , can be found from the product of the intensity P͑͒ and the probability function of the phase delay f͑͒. The average intensity is thus given by
The variance of P͑͒ represents the optic power due to coherence interference and is given by
The received power, average power, and coherence interference are thus computed for ODs of 1-5 and for two fog models.
Numerical Calculation, Results, and Discussion
In our numerical example we assumed a receiver aperture radius of 5 cm and a receiver FOV halfangle of 5 mrad. These two parameters determine the amount of scattered light received, assuming that the spot size of the unscattered light is much smaller than the receiver aperture. The results of our numerical simulations are shown in Fig. 2 . The scatter-induced scintillation index is shown as a function of OD for heavy and moderate fog. The index is some 3 orders of magnitude lower for the moderate fog than for the heavy fog, but the difference falls from a factor of 1600 to a factor of 1070 as the OD increases from 1 to 5. In both fogs the scatter-induced scintillation index rises with the OD, and for the heavy fog it appears to plateau at around an OD of 5. In the case of the moderate fog the index appears to continue rising, but further investigations are needed to verify the trend.
The consistently higher scatter-induced scintilla- tion index for the heavy fog can be attributed to the considerably stronger forward scatter evident in the scatter angle probability distribution functions in Fig. 1 . The unscattered wave is attenuated by the same amount for a given OD for both fogs, but in the case of the heavy fog, much more scattered light reaches the receiver and mixes with the unscattered wave than with the moderate fog leading to much higher scatter-induced scintillation. It should also be noted that the increased scattered light reception will also increase the average received power, as can be seen from the second term in Eq. (7). The increase in the scatter-induced scintillation index as the OD increases is due to two complementary factors: the unscattered light reception decreases and the relative amount of scattered light reaching the receiver increases with OD. The plateau implies that the ratio of scattered light intensity to average light intensity at the receiver reaches a constant level. This reflects the steady proportional increase of scattered light in the total received light that has been reported elsewhere. 5 The proportion of received scattered light in the total received light is substantially lower in the case of the moderate fog but increases more gradually with OD than with the thick fog, so the anticipated plateau effect would be expected to appear at higher ODs.
At ODs above 5 the contribution of higher orders of scattering to the total received power can no longer be ignored, and a more sophisticated treatment of coherence interference effects is warranted. Furthermore, the intermixing of the scattered waves with one another would reach the level of the mixing of the scattered with the unscattered wave.
In an attempt to evaluate the apparent fading effect of power fluctuations due to the mixing of scattered and unscattered light, we compare the scatterinduced scintillation index with recorded data of scintillation in optic transmissions through turbulent channels. For example, taking the standard deviation of the log-amplitude fluctuation to be between 10
Ϫ2
for weak turbulence and 1 for strong turbulence when the propagation distance is of the order of 1 km and the radiation wavelength is 592 nm (Ref. 25 ) and using the relation for the scintillation index and logamplitude variance, 19
we find for a 1 km transmission range through a weakly turbulent channel that the scintillation index would be around 4 ϫ 10
Ϫ6
. The scintillation index for the same range and a channel characterized by strong turbulence reaches a figure of approximately 53. We can now reason that in the modeled case the coherence interference would be expected to cause a signal fading effect comparable to that encountered in a weakly turbulent channel over a range of 1 km if the propagation channel were a heavy fog with an OD of 1-5. The coherence interference would be considerably less if the channel were a moderate fog.
Conclusions
We have shown that the mixing of unscattered light with single-and double-scattered light at a receiver in an optical wireless communication system can be expected to cause an interference effect, which we have termed coherence interference. We have quantified this fading phenomenon using a metric that we have named scatter-induced scintillation index to facilitate comparison with the effect of turbulent channels on light propagation. We have found that if the transmission range of the communication link is shorter than the coherence length of the laser source, then when the channel is a heavy fog of optical density 1-5, coherence interference would be discernible as a mild signal fading similar to the intensity fluctuations encountered when the propagation medium is characterized as weakly turbulent and the range is 1 km. In the case of a moderate fog, the coherence interference would be expected to be negligibly small. In future work we should attempt to analyze this phenomenon further.
The particle size distribution of the fog and the average free path between particles are expressed in the scatter deflection angle probability distribution function as shown in the Mie phase function. The strong forward scatter in a heavy fog by comparison with a moderate fog leads to considerably greater coherence interference at a given optical density.
The approximation of equal-amplitude scattered waves is a significant simplification, which was employed to obtain preliminary results. Inclusion of particle size distribution data in the calculation of scattered wave amplitudes would facilitate a more accurate analysis in future research.
